Abstract. We performed experimental and theoretical studies of deep inelastic multinucleon transfer reactions in heavy-ion collisions at Coulomb barrier energies. Our goal was to investigate if deep inelastic transfer is superior to fragmentation reactions for producing neutron-rich isotopes in the astrophysically interesting region along the closed neutron shell N = 126. Here, we will present our results obtained in reactions of 64 Ni + 207 Pb at 5.0 MeV/nucleon. The experiment was performed at the velocity filter SHIP at GSI Darmstadt. Several transfer products on the neutron-rich side were populated but new isotopes were not observed. A comparison of the measured transfer cross-sections and production yields with those from fragmentation reactions allowed for interesting conclusions.
Introduction
The upper part of the present-day nuclear map consists mainly of neutron-deficient nuclei while the unexplored area of heavy neutron-rich nuclides (also those located along the closed neutron shell N = 126 to the right-hand side of the stability line) is extremely important for nuclear astrophysics investigations and, in particular, for the understanding of the r-process of astrophysical nucleogenesis. For elements with Z > 100 only neutron-deficient isotopes, located left of the stability line, have been synthesized so far. Due to the bending of the stability line toward the neutron axis only neutron deficient isotopes of heavy elements can be produced in fusion reactions. That is the main reason for the impossibility of reaching the center of the predicted island of stability (Z ≈ 110-120 and N ≈ 184) in the superheavy mass region by fusion reactions with stable projectiles. Because of that we have also almost no information about neutron-rich isotopes of heavy elements located in the "north-east" part of the nuclear map; for example, there are 19 known neutronrich isotopes of cesium (Z = 55) and only six of platinum (Z = 78). Thus, the whole "north-east" area of the nuclear map is still terra incognita. Production and studying properties of nuclei located in this region would open a new field of research in nuclear physics. a e-mail: o.beliuskina@gsi. de Multinucleon transfer processes in near-barrier collisions of heavy ions, in principle, allow to produce heavy neutron-rich nuclei including those located at the island of stability. These reactions were already studied extensively about thirty years ago [1] [2] [3] [4] [5] [6] [7] . Among other topics, there had been great interest in the use of heavy-ion transfer reactions to produce new nuclides in the transactinide region. The cross-sections were found to decrease very rapidly with increasing atomic number of the surviving heavy fragments. Nevertheless, isotopes of Fm and Md were produced at the level of 0.1 μb [5] .
Concerning the region of N = 126, only few data exist from previous experiments. In the last decade, collisions of 58 Ni + 208 Pb and 64 Ni + 208 Pb were studied at energies close to the Coulomb barrier [8, 9] . In these so-called thicktarget experiments, the transfer products were stopped in the target. The isotopic identification was performed via in-beam and offline γ-decay spectroscopy. The lowest reached cross-sections were of the order of 10 μb. Concerning target-like transfer products, a vast region of nuclei around Z = 82 was populated. New, previously unknown isotopes were not identified. In a quite recent experiment, the production of osmium isotopes (Z = 76) was investigated in transfer reactions in 136 Xe + 208 Pb at an energy near the Coulomb barrier [10] . The gas flow transport method, based on the volatility of the reaction products, was used to separate the Os isotopes while the isotope identification was performed via γ-decay spectroscopy. Also in this experiment no new isotopes were observed.
Studies of the structural properties of neutron-rich nuclei located along the neutron shell N = 126 would contribute to the present discussion of the quenching of shell effects in nuclei with large neutron excess. Moreover, this region is extremely interesting in astrophysics, in particular for the production of heavy elements in stellar nucleosynthesis through the r-process (the last "waiting point"). According to a recent report by the National Research Council of the National Academy of Sciences (USA), the origin of heavy elements from iron to uranium remains one of the 11 greatest unanswered questions of modern physics (see, for example, [11] ) and it is likely to remain a hot research topic for the years to come. In ref. [12] it was proposed to produce these nuclei in lowenergy deep inelastic transfer (DIT) reactions, in particular in collisions of 136 Xe with 208 Pb. The calculated crosssections were found to be larger than those of high-energy fragmentation reactions leading to the same isotopes.
The expected cross-sections for new neutron-rich transfer products are small. Model predictions result in values of σ < 10 μb for isotopes along the N = 126 shell and in σ < 10 nb for new neutron-rich nuclei with Z ≥ 102. As a consequence, similarly efficient separation and detection techniques have to be applied like have been developed for the identification of single atoms in superheavy element experiments. Presently, there are no dedicated separators for heavy deep inelastic transfer products but the existing in-flight separators for heavy and superheavy fusion-evaporation residues allow also the study of DIT. Already with them, astonishingly comprehensive insights can be obtained on the applicability of DIT for isotope production and on the advantages and limitations of existing experimental techniques. Therefore, these investigations are a necessary starting point for reasonable future developments and upgrades of separation and detection techniques for heavy DIT products.
At GSI Darmstadt we investigated DIT reactions in heavy collision systems using the velocity filter SHIP [13] for separation of the target-like transfer products from projectiles and projectile-like reaction products. The isotopic identification was performed via α-and/or γ-decay spectroscopy in the focal plane of SHIP. In particular, isotope identification by α decay turned out to be significantly more sensitive than the techniques applied in previous experiments. In this case we reached cross-sections as low as 0.1 nb in about one day of beam time [14] . This sensitivity is two orders of magnitude higher than reached in previous experiments with other setups.
The sensitivity of our setup allows, in principle, to reach new isotopes in the region of N = 126 as well as in the transuranium region if we assume the crosssections predicted by theory. Here, we want to focus on our studies of DIT reactions leading to nuclei in the region of N = 126. According to model calculations, the largest cross-sections for neutron-rich transfer products in this region are obtained with neutron-rich projectiles like 48 Ca, 64 Ni or 136 Xe and target nuclei in the Pb region. In the following we will present our experimental and theo- Pb, was chosen because we investigated in parallel also other topics which required the application of 207 Pb targets). For separation and detection of the reaction products we used the velocity filter SHIP and its detection system. A summary description of the experimental setup and method will be given in the following. For details we refer to [15] for the SHIP setup and to [14, 16] for a description of reaction studies with SHIP.
Separation and detection
A sketch of SHIP and the detection system is shown in fig. 1 . Reaction products leaving the target at angles up to ±2 degree with respect to the beam direction are accepted by the entrance aperture of SHIP. SHIP is a twostage velocity filter with spatially separated electric (E) and magnetic (B) fields. According to the operation principle of a velocity filter, the velocity of particles passing SHIP is defined by the E/B ratio. Usually, an E/B ratio is chosen to let the products from complete fusion reactions (full momentum transfer) pass. But in general, if reaction products with a variety of velocities are created and shall be studied, like is the case for DIT products, a velocity distribution (or velocity spectrum) can be scanned by measuring the particle rates at different E/B settings. The accepted velocity window at a given setting is Δv/v = 0.1 (FWHM).
In order to reach the focal plane the nuclei must have lifetimes of at least 1 μs which corresponds to the flight time of the reaction products through the 11 m long setup. All reaction products which pass the velocity filter are implanted in a position sensitive 16 strip silicon detector (stop detector) where their time of implantation, position, kinetic energy and radioactive decays (α, β and fission decays) are registered. Six further Si detectors are installed in a box like arrangement (box detector) in front of the stop detector and cover 85% of the backward hemisphere in order to register α particles and fission fragments escaping from the stop detector. Three time-of-flight (TOF) detectors are installed in front of the silicon detectors. They allow to distinguish nuclei which pass SHIP from products of radioactive decays of implanted nuclei in the stop detector. In addition, the measured TOF together with the energy deposited in the silicon detector allows to distinguish projectile-like nuclei, target-like nuclei and fusion-evaporation products. The three groups are located on well-separated branches in the two-dimensional TOF energy spectrum. Gamma rays emitted in prompt or delayed (within a time window Δt(particle-γ) ≤ 5 μs) coincidence with particle registration in the stop or box detectors were measured using a germanium clover detector behind the stop detector. It consists of four crystals, each of 50 mm diameter and 70 mm length which form a block of 102 × 102 × 70 mm 3 . Time differences between particles and γ events within a time window of 5 μs, determined by the data acquisition system, were measured with a resolution of Δt = 1 μs (FWHM) for the "prompt" peak.
Reaction kinematics and isotope identification
Usually, a broad variety of transfer products is created in the reactions where each of the nuclei has a characteristic velocity depending on its A, Z, the scattering angle and the energy dissipation during the reaction. In order to cover this range of different velocities, we varied stepwise the E and B values of the velocity filter. In this way, we obtained a velocity spectrum for each individual isotope where the latter is identified by α or γ spectroscopy. Typically, the target-like transfer products, which are scattered into the acceptance angle of SHIP of (0±2) degree, have velocities between 1.5 and 2.0 times the compound nucleus velocity v CN . The velocity of the transfer products reflects also the energy dissipation during the reaction. Therefore we used the locations of the peak maxima to calculate the total kinetic energy (TKE) of target-like and projectile-like transfer products in the exit channel. For this we calculated the kinetic energy of the target-like transfer product from the velocity corresponding to the peak maximum. Then we reconstructed the kinetic energy of the respective projectile-like transfer product by considering the reaction as a two-body process and taking into account the energy and momentum conservation laws (for details see, e.g., [14] ). As an example, the velocity spectrum of 214 Ra nuclei measured in this experiment is shown in fig. 2 . The velocities in the spectrum are given in units of the compound nucleus velocity v CN . The 214 Ra isotopes were identified via their α-decay properties. The peak maximum is located at v/v CN ≈ 1.6 which indicates that the nuclei were produced in reactions with large kinetic energy dissipation (elastically scattered target-like nuclei would reveal a maximum at v/v CN = 2.0). The TKE value which can be deduced from the peak position is TKE = 130 MeV which is about half of the incident energy E cm = 244 MeV.
As mentioned in sect. 2.1, we perform the isotope identification at SHIP via the decay properties of the reaction products (α and β decays). A detailed discussion of the identification applying α-decay spectroscopy (concerns nuclei with Z > 82) can be found in our previous work [14] . Here, we focus on the population of isotopes below Pb (Z < 82) which are β − emitters (on the neutron-rich side of the stability line) or undergo electron capture decay (neutron-deficient side). In this case we use delayed γ-rays, emitted by reaction products which are implanted in the stop detector, for isotope identification. Delayed γ-rays are emitted if the decay of an implanted mother nucleus populates an excited state in the daughter, the daughter nucleus will then decay to the ground state by emission of γ-rays and / or conversion electrons. This method is applicable for identification of isotopes which populate with sufficient branching an excited state in the daughter nucleus and which have half-lives up to the order of the data recording time. Nuclei with half-lives significantly longer than the data recording time as well as stable nuclei are not accessible with this method.
In order to reduce the background in the γ spectra we utilized the structure of the UNILAC beam which consists of 5 ms long beam pulses followed by 15 ms long beam-off periods. In the spectra which are recorded during beamoff periods, a strong suppression of background events is achieved 3 Experimental results and discussion
Isotopic yields
In the following we will discuss the results obtained at 5.0 MeV/nucleon which is very close to the Bass interaction barrier [17] of 4.94 MeV/nucleon. At this energy we observed the largest cross-sections for neutron-rich transfer products. As shown and discussed in [14] , deep inelastic transfer of a large number of nucleons takes already place at the barrier. At these low beam energies the excitation energy of the primary transfer products can be kept small and, with this, also the number of evaporated neutrons. If the beam energy is increased, the formation of primary transfer products increases in fact, but also their excitation energy increases which leads, in turn, to an increase of the number of evaporated neutrons and, therewith, to residual (secondary) nuclei having less neutrons. Further, at near barrier energies and the related low angular momenta also the fission probability of the primary transfer products can be kept small. Therefore, an optimum between the formation probability of neutron-rich primary products and their survival probability with respect to neutron evaporation or fission, respectively, has to be found. For the reactions discussed here, this optimum turned out to be related to beam energies just at the barrier. The same is also found in our theoretical calculations.
In our experiment we identified isotopes in the region Z = 76-89 by decay spectroscopy in the focal plane of SHIP during beam-off periods. Nuclei with Z > 89 were not observed which is most probably due to the decreasing fission barriers of the nuclei with increasing atomic number. As a consequence, the probability for fission of the primary, excited transfer products increases and the cross-sections of the surviving secondary transfer products become low. Isotopes with Z < 76 we could not identify unambiguously. This is, on one hand, due to the decreasing production cross-sections of DIT products which are located far from the target nucleus. Secondly, the angular distribution of the target-like DIT products broadens with decreasing atomic number of the nuclei, resulting in a decreasing angular efficiency. And thirdly, the fraction of nuclei which are too long-lived for identification in our experiment increases with decreasing Z. Figure 3 shows the integral γ spectrum measured during beam-off periods (prompt γ-rays were not measured in our experiment). All identified isotopes which were directly populated in the reaction (not by precursor decays) are displayed in the chart in fig. 4 . As one can see, nuclei were populated in both, neutron-deficient and neutronrich regions relative to the stability line. From the intensities of the measured γ lines we deduced total production cross-sections for the respective isotopes. The relative γ-ray intensities and isotope half-lives were taken into account from the Table of Radioactive Isotopes [18] . The cross-sections were calculated according to eq. (1): where N γ is the measured γ yield, d T the number of atoms per surface unit of the target, N beam the beam intensity, γ the γ energy-dependent detection efficiency for γ-rays and SHIP the angular efficiency of SHIP for DIT products. Concerning the angular efficiency, experimental data are not available. Therefore we used the efficiencies from simulations in the theoretical model [12] for 64 Ni + 207 Pb at 5.0 MeV/nucleon (for more details see sect. 3.3). Here one has to stress that the transfer products discussed in this work result from deep inelastic reactions with a large amount of energy dissipation and very broad angular distributions -in strong contrast to direct transfer reactions which peak at the grazing angle. As a consequence, the target-like transfer products are in our case emitted in a cone with an opening angle of about 50 degree in the laboratory system (at fixed beam energy the opening angle depends on the proton number Z of the transfer products). The angular efficiency of the created nuclei with Z = (76-81) is in the range (0.1-0.5)%. The obtained total cross-sections of osmium, iridium, platinum, gold, mercury and thallium isotopes as a function of the nucleon number A are shown in fig. 5 as full circles. The lowest cross-sections reached in this experiment were 10 μb. The error bars given in the figure reflect only the statistical fluctuations. Actually, the systematic errors which are [19, 20] are shown by asterisks. In fragmentation reactions, still more neutron-rich isotopes were discovered (see chart in fig. 4 and refs. [21] [22] [23] ) but are not displayed here.
dominated by the isotope dependent uncertainty in the angular efficiency of SHIP for DIT products, are expected to be significantly larger. Only a rough estimate of this contribution to the error bars is possible because our applied efficiencies base on theoretical calculations which are model dependent; uncertainties up to a factor of 10 might be possible.
Very similar reactions were studied by another group in 64 Ni + 208 Pb collisions at the beam energy of 350 MeV (5.5 MeV/nucleon) [9] . In this thick target experiment the reaction products were stopped in the target. The product yield distribution was established from in-beam and offline γ-γ coincidence analysis supplemented by target radioactivity measurements. Three independent and complementary methods of determination of production yields for an as complete as possible set of secondary reaction products were applied. The data from [9] for isotopes with Z = 76-81 are shown as open circles in fig. 5 . The lowest reached cross-sections were 20 μb, very similar to our experiment. The comparison with our data shows that we reached in most cases isotopes with somewhat larger neutron numbers than in ref. [9] . Our measured cross-sections and the ones in [9] differ in most cases within one order of magnitude. Here one has to keep in mind that in both experiments relatively large uncertainties are introduced concerning in particular the angular efficiency in the case of SHIP and concerning reaction energy and cross-section determination in [9] . As a trend one can notice that the cross-sections from our experiment increase with increasing distance of the DIT products from the target nucleus -in contrast to the expectation and also in contrast to the data from [9] . We account this observation to the uncertainty in the angular acceptance of SHIP for DIT products. The efficiencies which we took from model calculations to get total cross-sections might overestimate the width of the angular distributions. The data from our experiment as well as from the one in [9] indicate a rather fast downward slope of the crosssections towards the neutron-rich side after the maximum is reached around nuclei located close to the stability line. In both experiments no new isotopes were discovered or identified, respectively, and as well the N = 126 shell was not reached for nuclei with Z < 80.
Comparison with fragmentation reactions
Presently, the applied technique to produce neutron-rich isotopes in the region below Pb is projectile fragmentation at relativistic energies. Therefore it is interesting to compare the isotopic distributions and cross-sections reached in DIT reactions with those from fragmentation reactions. The most neutron-rich isotopes for the elements discussed here were so far reached in fragmentation reactions [19] [20] [21] [22] [23] . These experiments were performed at the Fragment Separator (FRS) [24] at GSI. The obtained cross-sections are represented by the asterisks in fig. 5 . Also the fragmentation cross-sections show a steep decrease towards neutron-rich nuclei but the setup is more sensitive and allows to reach cross-sections below 10 nb. The fragmentation and DIT cross-sections are mostly within the same oder of magnitude for the isotopes discussed here. One can notice a trend that the DIT cross-sections are even exceeding the fragmentation cross-sections if one goes to isotopes further below Pb. This is well in agreement with the theoretical predictions which motivated this work.
In the next step we are going to compare the production yields for the observed isotopes which can be expected in DIT and fragmentation reactions because this is finally the decisive criterion for the successful application of a reaction for isotope production. To deduce yields from the cross-sections, one has to take into account the different conditions concerning beam intensity, target thickness and detection efficiency for DIT and fragmentation products. Typical parameters are shown in table 1. In fig. 6 we compare the yields (in units of particles / s) which can be expected from DIT and fragmentation reactions for the beam intensities and target thicknesses given in table 1. The yields in fig. 6 are given at the target and do not therefore take into account the angular and detection efficiencies of the separators and detection systems which vary strongly between different setups. As one can see, the estimated yields (at the target) for the same isotopes are typically about one or more orders of magnitude higher in fragmentation reactions. Therefore, in order to become more profitable than fragmentation reactions, the yields of DIT products have to be increased considerably (see discussion in sect. 4). If we regard, in addition, the expected yields at the detector, the difference between the two production mechanisms is still increasing due to the very different angular distributions of fragmentation and DIT products. In projectile fragmentation reactions, the products are emitted in a very narrow forward cone due to the relativistic energies and inverse kinematics. Due to this, large angular efficiencies of up to 50% can be reached despite of the small acceptance angles of the separators (0 ± 0.75 degree in the case of FRS). DIT products, in contrast, are emitted into a wide angular window of several ten degree which makes an effective application of in-flight separators difficult.
Finally, another point has to be mentioned: In fragmentation reactions, the isotopic identification of the reaction products is performed by measuring energy, energy loss, time-of-flight and magnetic rigidity of the nuclei. Due to the relativistic energies of the ions, A and Z can be resolved with one unit. This method cannot be applied for the identification of transfer products from reactions at Coulomb barrier energies because in the case of heavy and low-energetic reaction products, plasma effects and the resulting pulse height defect in the silicon detector limits the A and Z resolution which is usually not better than three units in the region of Pb and above. Because of this, the isotope identification is presently performed via radioactive decays which limits the method to nuclei with appropriate decay properties while the method applied in fragmentation reactions gives access to all nuclei with half-lives larger than several 100 ns (this time limit is given by the flight time of the nuclei through the fragment separator). Here one has to remark that the lack of appropriate identification methods for heavy DIT products is the main reason why we cannot identify (new) isotopes on the neutron-rich side even though their cross-sections are large enough for detection at SHIP. The identification via γ decays requires already the knowledge of the level schemes of the respective daughter nuclei but these level schemes are still unknown for the most neutron-rich known isotopes in the region discussed here.
Comparison with model calculations
Theoretical cross-section calculations for DIT products from collisions of 64 Ni + 207 Pb at 5.0 MeV/nucleon were performed within the model based on a stochastic approach and Langevin-type dynamical equations of motion [25] . The multi-dimensional adiabatic potential energy of the system which regulates the process of nucleusnucleus collisions is calculated within the two-center shell model, and proton and neutron transfers are treated separately. The predictive power of the model for the description of damped collisions has been demonstrated in several papers; as examples see [25, 26] . The theoretical crosssections for secondary transfer products (i.e. after neutron evaporation) are compared in fig. 7 with experimental values from our experiment and from the thick target experiment [9] . The slope of the theoretical curves reproduces quite well the slopes of the measured isotopic distributions from ref. [9] (in our own experiment the number of identified isotopes was not sufficient to determine the overall slope of the curves).
As mentioned earlier, the isotopes which we detect in our experiments are secondary transfer products which are created after the evaporation of nucleons from the excited primary products. For beam energies at the Coulomb barrier, the excitation energies of the primary transfer products are typically in the range up to few 10 MeV. At these rather low excitation energies mainly neutrons are evaporated. Consequently, the evaporation process shifts the distribution of secondary transfer products towards stable and neutron-deficient nuclei, decreasing the yields of neutron-rich isotopes. Figure 8 shows the calculated excitation energies of target-like and projectile-like primary transfer products as a function of their mass number for collisions of 64 Ni + 207 Pb at 5.0 MeV/nucleon. One can notice that, by trend, the excitation energy of the transfer products increases if they are located further from the projectile or target nucleus respectively. This reflects the increasing energy dissipation with increasing number of transferred nucleons. In the calculations it was assumed that the total dissipated energy is shared between projectile-like and target-like transfer product proportional to their masses. One can see from the figure that, on average, up to ∼ 3 neutrons are evaporated from nuclei in the region of Pt (A ≈ 190) while nuclei closer to the target lose, on average, less neutrons.
In the following we show how we estimated the average number of evaporated neutrons from our experimental data. For this, we started with the experimental TKE values which we obtained from the measured velocity distributions for each individual isotope like described in sect. 2.1. The sum of the excitation energies of projectilelike and target-like transfer product, E * 3 +E * 4 , is correlated with TKE and the amount of dissipated energy TKEL (total kinetic energy loss) by the following equation:
The variable Q denotes the reaction Q-value which is determined by the ground-state masses of projectile and target nucleus (m 1 , m 2 ) and projectile-like and target-like primary transfer products (m 3 , m 4 ) by
The value of E * 3 + E * 4 according to eq. (2) represents an upper limit because the dissipated energy, TKEL, can also be transformed into other degrees of freedom like deformation of the nuclei. In the case of an equilibrated system and not taking into account possible shell effects one can assume that TKEL is shared between projectile-like and target-like transfer product according to their masses:
With this method we obtained TKEL values of up to ∼ 50 MeV for transfer products up to Pt. This leads to average excitation energies of ∼ 35 MeV for target-like nuclei in this mass region and to the evaporation of (3) (4) neutrons. This is in good agreement with the theoretical values and also with the values from the thick target experiment where an evaporation of, on average, three neutrons was deduced for isotopes around Pt [9] .
Conclusions
Our studies of 64 Ni + 207 Pb collisions at Coulomb barrier energies showed that a vast region of nuclei around Pb is populated in deep inelastic multinucleon transfer reactions. The cross-sections which were measured for DIT products are on the same order or even larger than the ones of fragmentation reactions where the latter is the current method to produce isotopes in this region of the chart of nuclides. One can notice the trend that DIT crosssections increase relative to fragmentation cross-sections with decreasing proton number of the produced nuclei. From this point of view, DIT seems a promising method for reaching (new) isotopes along and around the closed neutron shell N = 126. However, fragmentation appears to be superior compared to DIT if one regards the yields of the reaction products instead of cross-sections. This is due to the more favourable experimental conditions in fragmentation reactions, namely, the product of beam intensity and effective target thickness N beam × d target , which determines the yield, is usually at least two orders of magnitude larger with respect to DIT reactions. In the following, we are going to discuss the physical and technical conditions for both production mechanisms as well as possibilities to enhance the count rates of DIT products.
First, one can consider if N beam × d target could be increased in DIT reactions by at least two orders of magnitude, such that it becomes comparable or larger than in fragmentation reactions. Concerning beam intensities, future facilities for low-energy reactions as well as for fragmentation reactions are aiming for ∼100 times higher intensities in comparison to present facilities which will increase the yields in both reaction types by about the same factor. Remains the consideration to increase the target thickness in DIT reactions. Regarding energy losses of projectiles and reaction products in the target an increase of the target thickness by up to a factor five seems still reasonable but is not sufficient to overcompensate the yields from fragmentation reactions.
Another consideration is if projectile/target combinations can be found which lead to more than 100 times larger cross-sections than fragmentation reactions. In particular, the application of heavier neutron-rich projectiles like 136 Xe is, according to theoretical predictions, an interesting option. In reactions of 136 Xe + 208 Pb a shift of the isotopic distributions by about five neutrons towards the neutron-rich side (with respect to 64 Ni + 207 Pb) is expected from model calculations [12] . As an example, the theoretical cross-sections for DIT products with Z = 76, 78, 80 from 136 Xe + 208 Pb collisions are compared in fig. 9 with theoretical cross-sections from 64 Ni + 207 Pb reactions and with experimental fragmentation crosssections [19] [20] [21] [22] [23] . One can notice that towards the neutronrich side the calculated DIT cross-sections from Xe + Pb are going to exceed the available fragmentation crosssections. But still the expected enhancement is less than a factor 100 and can therefore not overcompensate the situation reached in fragmentation reactions. However, one has to stress that finally more experimental data on DIT reactions and systematic studies of different collision systems are needed. Available data are scarce and our investigations represent, in fact, still pioneering experiments.
In order to benefit from possibly large transfer crosssections, another crucial point is the upgrade (or new development, respectively) of the experimental techniques presently applied for DIT reaction studies. There, the most urgent and necessary requirement for a successful application of DIT reactions for the synthesis of new isotopes is the development of detection techniques which allow the A and Z identification of very heavy and lowenergetic nuclei, independent of their decay properties. As mentioned in sect. 3.2, the identification in A and Z is much easier in fragmentation reactions and applicable to all nuclei with half-lives longer than the separation time of several 100 ns. A method which seems promising for identification of DIT products is precision mass measurements where a resolving power of 10 5 -10 6 is already sufficient for an isobaric identification of most of the heavy isotopes. An existing setup with high performance is the multiple reflection time-of-flight mass spectrometer MR-TOF-MS [27] which was developed for the Super-FRS project. It allows for a broadband detection of different isotopes and the complete setup, consisting of an ion catcher and the MR-TOF-MS, has presently an overall efficiency of about 20%. Another possible method is selective laser ionization of the reaction products (see, for example, [28] and references therein) which is presently developed and tested at JINR Dubna and other laboratories. After stopping in a gas cell, the atoms of a given element are selected by two or three step resonance laser ionization while the mass number of the singly ionized nuclei can be obtained with a magnetic dipole field.
Besides the development of detection techniques, an upgrade or new development of separation techniques for DIT products is necessary. Our experiments showed that the separation according to velocities is an appropriate tool but the angular acceptances of present velocity filters (and also magnetic separators) are very small with regard to the broad angular distributions of DIT products. An increase of the acceptance angle is only possible to a limited extent. This is on one hand for technical reasons but in particular with respect to background events (transmitted through the separator) which are equally increasing with increasing acceptance. First simulations [29] showed that the angular acceptance of velocity filters can reasonably be increased by up to a factor of four by still keeping an acceptably low level of background events on the detectors. With this, angular efficiencies on the order of 10% for DIT products can be reached. In comparison, angular efficiencies of up to 50% can be reached in fragmentation reactions.
Summarizing the above given considerations, the crucial criterion for a successful application of DIT reactions for production of isotopes in the N = 126 region is the final performance of the new separation and detection techniques which are presently under testing and development. Namely, the setups must have efficiencies of several 10 percent like in fragmentation reactions and the detection system must allow the identification of all heavy reaction products in A and Z, independent of their chemical, atomic or decay properties. But apart from this discussion multinucleon transfer reactions might be an appropriate method for the synthesis of new neutron-rich nuclei in the transuranium region -a region which cannot be accessed in fragmentation reactions or in fusion reactions with stable beams and where transfer reactions would presently even be the only possibility. This was already revealed by two experiments on DIT reactions in 48 Ca + 238 U and 48 Ca + 248 Cm which we performed at SHIP. During irradiation times of only few days we observed nuclei in the region Z > 84 with neutron numbers up to the limits of the present chart of nuclides [30] . The data indicate that nuclei with still more neutrons must have been populated but could not be identified due to their decay properties.
